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responsibility ofAbstract In the research ﬁeld of proton exchange membrane fuel cells, the design of electro-
catalytic activities on Pt-oxide promoter in the anode side has attracted attention for improvement
of CO tolerance of Pt in anode side and a lowering of large over-potential loss of the oxygen
reduction reaction on the cathode in the fuel cells. In the Pt-oxide promoter series, Pt–CeOx/C is
one of the unique systems. It is because the unique behavior of CeOx such as electrochemical redox
reaction between Ce3þ and Ce4þ in the anodic and cathodic reactions of fuel cell is observed. The
present short review gives an overview of the recent works for improvement of the CO tolerance of
Pt in the Pt–CeOx/C anodes and enhancement of the oxygen reduction reaction activity on Pt in the
Pt–CeOx/C cathodes for fuel cell application. To show the design paradigm for fabrication of high
quality Pt–CeOx/C electrodes, the authors re-introduced parts of our research results to highlight
the important role of interface structure of Pt–CeOx based on the ultimate analysis results.esearch Society. Production and hosting by Elsevier Ltd. All rights reserved.
.010
chool of Chemical Sciences and
13, Nishi8, Kita-ku, Sapporo,
60 4395; fax:þ81 29 860 4712.
ms.go.jp (T. Mori).
Chinese Materials Research
T. Mori et al.562The usefulness of the combined approach of microanalysis and the processing route design is
presented.
& 2012 Chinese Materials Research Society. Production and hosting by Elsevier Ltd. All rights reserved.1. Introduction
Fuel cells, as devices for direct conversion of the chemical
energy of a fuel into electricity by an inverse reaction of the
electrolysis of water, are key enabling technologies for the
transition to a sustainable society. This fuel cell device consists
of electrodes (i.e. anode and cathode) and electrolytes. The
oxidation reaction of fuel such as hydrogen takes place at the
anode and creates the mobile ion and electron. The electron
moves around the external circuit and reaches the cathode to
participate in the reduction reaction of oxygen or air. This
electron in the external circuit can be used for generating
electricity using fuel cell devices. In this process, the mobile ion
such as proton (Hþ), hydroxyl ion (OH), carbonate ion
(CO3
2) or oxide ion (O2) moves through the liquid or solid
electrolytes to make water molecules at the anode side or
cathode side.
The major types of fuel cells which have being developed
are the proton exchange membrane fuel cells (PEMFCs),
direct alcohol fuel cells (DAFCs), alkaline fuel cells (AFCs),
phosphoric acid fuel cells (PAFCs), molten carbonate fuel cells
(MCFCs) and solid oxide fuel cells (SOFCs).
From the perspective of development of the residential scale
cogeneration system, the proton exchange membrane fuel
cells (PEMFCs) have attracted considerable attention as a
clean and efﬁcient power source for generation of electricity
using air and hydrogen in Japan. Also, PEMFC is one of
promising candidates for the practical use of fuel cell vehicles
[1]. In this challenge, a design of highly active and cost-
effective anodes and cathodes is required for developing
PEMFC devices.
On the anode side, the carbon monoxide (CO) poisoning
and sulfur (S) poising on Pt [2,3] are serious problems which
have to be resolved for development of long life time fuel
cell system in contaminated environments. To overcome those
challenges, Pt based alloys such as PtRu [4] have been
developed for the improvement of CO tolerance of Pt anode.
Also, the mechanism of CO poisoning phenomena on Pt is
analyzed using in-situ FT-IR method [5] for a design of high
CO tolerance anode materials.
In the research ﬁeld of a design of cathode materials in
PEMFC device, the none-platinum cathodes such as carbon
based materials (i.e. graphene nano-sheets [6,7], carbon alloy
particles [8,9]) have been proposed for PEMFC application.
However, the most suitable cathode in PEMFCs has been
platinum (Pt) nano-particles loaded on conductive carbons
because of the reliable cathode performance and the stable
performance of PEMFC device. Alternatively, Pt cathode still
has the problem which must be resolved. The large over-
potential loss of the oxygen reduction reaction (ORR) appears
at the surface of Pt cathode because of its slow kinetics of
ORR on Pt in the potential ranging from 0.75 to 1.0 V
(vs.RHE) [10,11]. As a consequence of this, a lowering ofthe large over-potential loss on Pt surfaces is key issue for the
future development of PEMFCs.
One of effective ways to overcome aforementioned chal-
lenges of anodes and cathodes is a design of interface on
Pt-oxide promoters. The electro-catalytic activities on Pt-oxide
promoters such as Pt–WO3/conductive carbon (C) [12],
Pt–TiO2/C [12], Pt–Ta2O5/C[13], Pt–NbO2/C [14] and
Pt–CeOx/C [15–19] have been examined.
In those Pt-oxide promoter series, Pt–CeOx/C is one of
unique systems. It is because the unique behavior of CeOx
(i.e. electrochemical redox reaction between Ce3þ and
Ce4þ) in the anodic and cathodic reactions of fuel cell is
observed.
This short review article highlights the recent progress in the
improvement of CO tolerance of Pt in the Pt–CeOx/C anodes
and ORR activity on Pt in the Pt–CeOx/C cathodes.
The ﬁrst part in the present short review gives an overview
of the challenges for improvement of CO tolerance of Pt in
Pt–CeOx/C anodes. Since Pt–CeOx anodes were initially
reported to show high CO tolerance of Pt for electrochemical
oxidation reaction of methanol for direct methanol fuel cell
(DMFC) applications, the effects of cerium oxide support in
Pt–CeOx/C are extensively examined. Although the charge
transfer on the cerium oxide is quite low level and the cerium
oxide is not suitable for electrode material, the many research
groups reported that the coexistence of cerium oxide support
in Pt–CeOx/C improved the CO tolerance of Pt in the
electrochemical oxidation reaction of methanol. Some unique
ideas are described.
The second part of the present article reviews the ORR
activity and its reaction mechanism on Pt in Pt–CeOx/C
cathodes in PEMFC. Since the PEMFC performance is
conspicuously affected by the ORR activity on Pt cathode,
the effects and role of cerium oxide support are examined in
detail in previously reported papers. The combination effect of
the electrochemical redox reaction (i.e. Ce3þ o¼4 Ce4þ) at
the potential of surface oxidation of Pt cathode and the
enhanced electron charge transfer between Pt and cerium
oxide, which is also an essential factor in improving ORR
activity on Pt, is described.2. CO torelance of Pt in Pt–CeOx/C anodes
CO poisoning phenomena on Pt promoted by cerium oxide
has been actively investigated because of unique properties of
cerium oxide such as oxygen storage property, surface basi-
city, and electrochemical redox reaction between Ce4þ and
Ce3þ in cerium oxide lattice. Table 1 gives an overview of role
of cerium oxide for improvement of CO tolerance of Pt in
Pt–CeOx/C anode series.
Xu et al. ﬁrstly reported the stable anode performance of
Pt–CeOx/carbon in the alkaline media such as mixed
Table 1 Overview of CO poisoning mechanisms on Pt in Pt–CeOx/C anodes.
Electrode Experimental condition Key reaction or Key species Reference
no.
Pt–CeOx/C powder AlcoholþKOH or
alcoholþH2SO4
Activated OH on CeO2 Bi-functional mechanism [15–20]
Pt–CeOx/C powder AlcoholþH2SO4 Activated O2 in CeOx Oxygen storage of CeOx [21–26]
Pt–CeOx/C powder AlcoholþH2SO4 Redox reaction Ce3þ3Ce4þ [27]
Pt–CeOx/C powder AlcoholþHClO4 Suppression of direct oxidation of alcohol on CeOx [28]
Pt–CeOx thin ﬁlm AlcoholþH2SO4 Combination of redox reaction Pt4þ3Pt2þ Ce3þ3Ce4þ [29–31]
Pt–CeOx/carbon
nanotube
AlcoholþHClO4 Activated OH on CeO2 Bi-functional mechanism [32–34]
Pt–CeOx/carbon
nanotube
CO gas in H2 ﬂow Combination of redox reaction Pt
4þ3Pt2þ Ce3þ3Ce4þ [35,36]
Pt–CeOx/carbon
nanotube
AlcoholþH2SO4 Redox reaction Ce3þ3Ce4þ [37]
Pt based alloy–CeOx/
carbon
AlcoholþH2SO4 Ce3þ3Ce4þ Activated OH on CeO2 Bi-functional
mechanism
[38–42]
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its anode performance was improved by the activated OH
on CeO2 in the alkaline media. According to their idea, the
adsorbed CO on Pt can be oxidized by the activated OH
species and converted to CO2. This mechanism is similar to
bi-functional mechanism which is observed on PtRu/C
anode. Also, Tang and Lu [18], Scibioh et al. [19] and Yang
et al. [20] examined the anode reaction mechanism on Pt–
CeOx/C in acidic media and they proposed the bi-functional
like mechanism.
Alternatively, Takahashi et al. ﬁrstly reported the anode
performance of Pt–CeOx/C in the acidic media from the
perspective of fuel cell application [21]. They observed the
stable anode performance of Pt–CeOx/C and a high CO
tolerance of Pt in Pt–CeOx/C samples in the mixed aqueous
solution of methanol and sulfuric acid [21–23]. And they
suggested that its anode performance in acidic media was
improved by the high oxygen storage capacity of CeOx surface
[23–26]. In addition, Takahashi et al. related the electroche-
mical CO oxidation property on Pt–CeOx/C to the electro-
chemical redox reaction between Ce(Ce4þ)O2 and reduced
Ce(Ce4þ, Ce3þ)O2x. Zhao et al. [27] and Wang et al. [28]
suggested the redox reaction of cerium oxide (Ce4þ o¼4
Ce3þ) on CeOx particles and the suppression effect of direct
methanol oxidation by CeOx for interpretation of the high CO
tolerance of Pt in Pt–CeOx/C anodes, respectively.
Matolin et al. [29,30] and Ahn et al. [31] fabricated the thin
ﬁlm Pt–CeOx anodes using RF magnetron sputtering techni-
que and examined the surface composition and chemical states
of as-prepared Pt–CeOx thin ﬁlms using X-ray photoelectron
spectroscopy. Their analysis suggests that the electrochemical
CO oxidation reaction on Pt is inﬂuenced by the redox
reaction of cerium oxide (Ce4þ o¼4 Ce3þ).
The research groups of Wang [32], Guo [33,34], Matolin
[35,36] and Tabet-Aoul [37] made the homogeneous Pt–CeOx/
carbon nano-tubes and improved the anode performances of
Pt–CeOx systems. In this system, the nano-tube substrate
would enhance the charge transfer between Pt and cerium
oxide and maximize the effect of the redox reaction of cerium
oxide (Ce4þ o¼4 Ce3þ) on the electrochemical CO oxida-
tion reaction on Pt.In other related works, the anode property on Pt based
alloy such as PtRu and PtSn promoted by CeO2 was observed
and its good performance was reported [38–42].
The CO tolerance of Pt in Pt–CeOx/C has been developed
well and the fuel cell performance using Pt–CeOx/C anode was
frequently demonstrated. However, both the micro-analysis
(i.e. Transmission Electron Microscope (TEM), X-ray photo-
electron spectroscopy (XPS), and X-ray absorption ﬁne
structure (XAFS)) for characterization of interface structure
and the charge transfer analysis using electrochemical method
should be combined to design the interface function of
Pt–CeOx/C and maximize the CO tolerance of Pt in
Pt–CeOx/C anode.
For this challenge, the authors re-introduced the one
representative research result about the relationship between
methanol electro-oxidation properties and interface analysis
results in this short review. The morphologies and element
analysis results taken from nano-sized Pt loaded rod like
shaped cerium oxide (CeOx) particles were shown in Fig. 1
[23]. On the rod like shaped CeOx particles which average
aspect ratio is approximate 10, small Pt particles (i.e. average
particle size: 10nm) were dispersed well. Ce element which
is main component in Pt–CeOx/C was clearly observed in
Fig. 1(c) using energy dispersive X-ray spectrometer (EDX).
The representative electrochemistry data of methanol
electro-oxidation on Pt–CeOx/C in H2SO4 aqueous solution
are demonstrated in Fig. 2 [24–26]. The cyclic voltammograms
(Fig. 2(a)) observed for three kinds of anodes (i.e. Pt–CeOx/C,
PtRu/C, and Pt–SnO2/C) clearly indicate that the activity of
methonal oxidation on Pt–CeOx/C is much higher than other
two anodes in the wide-range potential sweep (i.e. 0–1.5 V
(vs. RHE)). Also, the tafel slope observed for Pt–CeOx/C was
shifted into lower potential side as compared with PtRu/C
anode as shown in Fig. 2(b). Those data would be good
evidence about high CO tolerance of Pt in Pt–CeOx/C in
electro-oxidation of methanol reaction. In addition, this high
CO tolerance property observed for Pt–CeOx/C can be
expected at elevated temperature (i.e. 60 1C) which is opera-
tion temperature of fuel cells (Fig. 2(c)).
To maximize this CO tolerance property on the interface
of Pt and CeOx in Pt–CeOx/C, the interface between Pt and
Fig. 2 Electrochemical properties (cyclic voltammograms (a), Tafel plot (b), and Arrhenius plot (c) of electrochemical methanol
oxidation reaction) observed for Pt–CeOx/C anode.
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Fig. 1 Morphologies ((a), (b)) and elemental analysis ((c)) observed for Pt–CeOx/C anode.
T. Mori et al.564CeOx was observed at atomic scale using TEM [43]. Fig. 3(a),
(b), and (c) show that nano-sized Pt surface was covered by
crystalline cerium oxide. Also, high resolution TEM observa-
tion suggests that the edges of Pt particles were covered by
cerium oxides and the terrace like surface of Pt appeared on
cerium oxide (Fig. 3(c)). In general, the adsorption strength on
the terrace of Pt surface is much weaker than the step-edge of
Pt surface [44]. The CO tolerance of Pt in Pt–CeOx/C would
become high level by the coverage of step-edge of Pt together
with the formation of Pt–CeOx interface. It is expected that in-
situ FT-IR analysis will clarify this important point in the near
future.
Before the electrochemical reaction, the conditioning pro-
cess is required to clean up the Pt surface. Usually, the cyclic
voltamanmetry (CV) which applied potential varies from 0 to1.5 V (vs.RHE) was performed prior to the test of electro-
chemical reaction such as electrochemical methanol oxidation.
The authors ﬁrstly reported that large amount of ceria (i.e.
Ce4þ in CeOx) in Pt–CeOx/C was dissolved into H2SO4
aqueous solution during the 30 cycles CV as conditioning
process [45,50]. Fig. 4 presents XPS spectra Pt 4f (Fig. 4(a))
and Ce3d (Fig. 4(b)) and high resolution TEM images
(Fig. 4(c) and (d)) taken from Pt–CeOx/C after the electro-
chemical conditioning process. XPS analysis data shows that
the Pt cation peak labeled as Pt–O–X was observed in midway
between Pt2þ and metallic Pt peaks, and small amount of Ce3þ
was mainly observed in the interface between Pt and CeOx.
Also, TEM observation suggests that the crystallinity of CeOx
which is assigned as Ce2O3 or CeO2 in the selected area
electron diffraction pattern (Fig. 4(c)) became low, and the
Carbon
CeO2
CeO2
Pt
Pt on CeO2
Fig. 3 TEM images and selected area electron diffraction pattern taken from Pt–CeOx/C anode prior to electrochemical condition
process.
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nano-sized Pt particles (Fig. 4(d)). Based on the experimental
data, it is concluded that PtCe’’–2Vo
–2CeCe’ clusters were
formed in the interface of Pt and CeOx in Pt–CeOx/C. In this
explanation, Kro¨ger-Vink notation was used to simplify the
expression of defect cluster, e.g., a defect cluster consisting of
two oxygen vacancies, one Pt2þ into Ce4þ sub-lattice site and
one Ce3þ into Ce4þ sub-lattice site is designated as PtCe’’–
2Vo–2CeCe’. The back donation of d electron of Pt to the
chemical bond between Pt and adsorbed CO on Pt becomes
weak by the formation of PtCe’’–2Vo
–2CeCe’ clusters in the
interface of Pt and CeOx (i.e. ligand mechanism).
Fig. 5 illustrates the formation process of Pt–CeOx interface
during the electrochemical conditioning process. After Pt
particles were loaded on the rod like shaped CeOx particles,
large amount of CeOx which mainly consists of Ce
4þ was
dissolved into H2SO4 aqueous solution. The PtCe’’–2Vo
–
2CeCe’ clusters were formed in the interface between Pt
particles and the small amount of remained CeOx which
mainly consists of Ce3þ. This interface formation would
contribute to improvement of the CO tolerance of Pt in
Pt–CeOx/C.
The authors believe that the careful microanalysis (i.e.
analytical TEM analysis and in-situ FT-IR analysis) of inter-
face micro-structural features will clarify why the CO toler-
ance of Pt in Pt–CeOx/C is improved, even though various
kinds of mechanisms were proposed in the literatures before.3. Oxygen reduction reaction (ORR) activity on Pt
in Pt–CeOx/C cathodes
The ORR activity on Pt in Pt–CeOx/C was ﬁrstly examined
for development of DMFC device by Yu et al. [46]. Ten wt%CeO2 doped Pt/C cathode exhibited the good performance
using single cell of DMFCs, also they proposed the function of
cerium oxide as a supplier of active oxygen to the Pt surface.
In the case of development of DMFC devices, it is well known
that the methanol as fuel crosses over from anode side to
cathode side through the electrolyte membrane and makes the
open circuit potential of DMFC device low level which is
called as the methanol crossover effect. In the idea of previous
work [46], the affection of methanol crossover was not
considered to explain the cathodic reaction, and the role of
CeOx promoter for enhancement of ORR activity on Pt was
unclear. Takahashi et al. [47] suggested that the ORR activity
at the interface between Pt and cerium oxide was improved by
the oxygen storage (i.e. oxygen occlusion) property of CeOx
on Pt cathode in the operation condition of PEMFC. They
proposed that the defect cerium oxide (CeOx) lattice saved the
oxygen molecule as oxide ion (O2) into the lattice of CeOx
and the formation reaction of water molecules was activated
at the triple phase boundaries on Pt–CeOx/C using O
2 which
can be diffused through cerium oxide lattice and the proton
(Hþ) which is diffused from anode side to cathode side
through the polymer electrolyte. While this idea is unique
and likely story to conclude the ORR activity on the surface/
interface of Pt–CeOx/C, the oxygen storage reaction of CeOx
would not be activated below 100 1C and it is not suitable to
the conclusion of ORR mechanism which is key issue for a
design of high quality cathode for PEMFC application. Lee
et al. [48] indicated that CeOx particles in the PtCo–CeOx/C
cathode consisted of CeO2 phase for the core and Ce2O3 phase
for the shell and this cathode showed the improved ORR
activity as compared with Pt/C cathode. The interaction
between active metal PtCo and Ce2O3 in core shell structure
of CeO2 was not clear, although their core-shell CeOx is quite
unique in the Pt–CeOx/C series.
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Fig. 5 Schematic diagram about the formation process of Pt–CeOx interface in Pt–CeOx/C anode.
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Fig. 4 Hard X-ray photo-electron spectroscopy spectra (Pt4f (a) and Ce3d(b)) and high resolution images taken from Pt–CeOx/C anode
after electrochemical condition process.
T. Mori et al.566In other related studies, Lim et al. [49] suggested that the
active oxygen supplied from CeO2 to Pt surface contributed
to the improvement of the ORR activity of the Pt–CeOx/C
cathode. They also examined the long time stability of ORR
activity on Pt–CeOx cathode and demonstrated the fuel cell
performance using Pt–CeOx/C cathode. This one is ﬁrst
report to reveal the long time stability of ORR activity on
Pt–CeOx/C cathode and its fuel cell performance. Their
Pt–CeOx/C revealed the good long time stability from the
perspective of practical use of Pt–CeOx/C cathodes in the fuel
cell ﬁeld. However, the interface structure and role of CeOx on
Pt were not clear in those works.
Recently, Fugane et al. [50] fabricated Pt–CeOx/C using round
shaped CeOx particles (Fig. 6(a)) as well as Takahashi et al. [47]and examined the ORR activity on Pt–CeOx/C and its fuel cell
performance. The morphology of Pt loaded CeOx (Fig. 6(b))
and the elemental analysis result (Fig. 6(c)) taken from their
fabricated Pt–CeOx/C cathode indicated that nano-sized Pt
particles were dispersed well on the round shaped CeOx particles
before the electrochemical conditioning process.
During the conditioning process, large amount of CeOx
was dissolved into H2SO4 aqueous solution as well as Pt–
CeOx/C anodes as shown in Fig. 7. Approximately 0.5 wt%
CeOx in the composition of Pt–CeOx/C was remained on Pt
surface in Pt–CeOx/C. This result is similar to Pt–CeOx/C
anode which is prepared by using rod like shaped CeOx
particles. But the microstructure of interface between Pt and
CeOx taken from Pt–CeOx/C cathode which is prepared
0 cycle in H2SO4aq. for 1h
As prepared sample
After conditioning process
Cycle number of CV / [-]
Fig. 7 Chemical analysis of composition change of Pt–CeOx/C
cathode during conditioning process.
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CeOx/C anode.
The low crystallinity CeOx layer which mainly consists of
Ce3þ partially covered on the surface of Pt in Pt–CeOx/C
cathode as shown in Fig. 8. The similar CeOx layer on Pt
was also observed in other observation areas of TEM work
(Fig. 8(c) and (d)). In the case of Pt–CeOx/C cathode, the
unique electrochemical property was observed on this inter-
face of Pt and CeOx as demonstrated in Fig. 9(a).
The highlighted point in Fig. 9(a) is that the oxidation of Pt
surface in Pt–CeOx/C cathode is inhibited in CV experiment,
although the surface oxidation of Pt in Pt/C is clearly observed
from 0.7 to 1.3 V (vs.RHE) in the forward sweep. In the case
of Pt–CeOx/C cathode, the proton (H
þ) desorption on Pt
which is observed from 0 to 0.2 V (vs.RHE) in forward sweep
and Hþ desorption from Pt which is observed from 0.2 to
0.05 V (vs.RHE) in back sweep was clearly observed in
Fig. 9(a). This result means that Pt surface in Pt–CeOx/C is
active as well as Pt/C. Moreover, Tafel slope became steep by
using optimized conditioning process as shown in Fig. 9(b).
In general, the intersection of vertical axis of Tafel plot for
ORR corresponds to the level of exchange current density of
ORR. If the intersection is in high value side, the exchange current
density of ORR which corresponds to the rate constant of rate-
determining step of ORR will be high value. Fig. 9(b) indicates
that the rate constant of rate-determining step of ORR which is
observed for Pt–CeOx/C can be improved by optimization of
conditioning process. Masuda et al. examined the detail interface
reaction on Pt–CeOx/C by using in-situ X-ray absorption ﬁne
structure (XAFS) analysis method at room temperature [51]. The
in-situ XAFS measurement shows that the Ce3þ was oxidized to
Ce4þ instead of Pt at the Pt oxide formation potential and the
ORR activity on clean Pt surface can be conspicuously improved
by the electrochemical redox reaction between Ce3þ and Ce4þ at
room temperature.
Based on the experimental data of Fig. 9 and analysis
results of Masuda et al., it is concluded that the design ofFig. 6 Morphologies ((a), (b)) and elemental aninterface between Pt and CeOx layer is key for development of
high quality cathode materials for fuel cell applications.
From the perspective of practical use, the fuel cell perfor-
mance was examined using Pt–CeOx/C cathode as demonstrated
in Fig. 10. Fig. 10 clearly showed that the fuel cell performance
observed for Pt–CeOx/C was better than Pt/C. This performance
will be improved by design of hetero-interface of Pt and CeOx
based on microanalysis data in the near future.
The formation process and micro-structural feature of
Pt–CeOx interface in Pt–CeOx/C cathode were illustrated in
Fig. 11. Prior to the electrochemical conditioning process,
CeOx layer almost fully covered the surface of Pt electrode.
During the electrochemical conditioning process, large
amount of Ce4þ was dissolved into acidic solution and small
amount of CeOx which is mainly consists of Ce
3þ was partially
remained on Pt. This CeOx layer which partially covers the
surface of Pt can play important role for enhancement of
ORR activity on Pt. In Fig. 11, the electrochemical redox
reaction between Ce3þ and Ce4þ in the remained CeOx on Pt
was suggested. This idea was supported by using in-situ XAFS
analysis at room temperature for Pt–CeOx/C electrode [51].Carbon
Pt
CeO2
alysis ((c)) observed for Pt–CeOx/C cathode.
Low-crystallinity remained 
CeOx layer
Carbon black
10nm
Remained
CeOx
5nm 5nm
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CeOx
Fig. 8 TEM images and selected area electron diffraction pattern taken from Pt–CeOx/C anode after electrochemical conditioning
process.
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Fig. 9 Electrochemical properties (cyclic voltammograms (a) and Tafel plot (b) of oxygen reduction reaction) observed for Pt–CeOx/C
cathode.
T. Mori et al.568Also, the ORR activity was affected by the distribution of
remained CeOx on Pt as illustrated in Fig. 11. This idea was
also examined by Fugane et al. [52] and highlighted in their
works. It is expected that aforementioned key role of CeOx on
Pt will be used for the design and development of intermediate
temperature operation of fuel cell devices in the near future.
Based on all previously reported results about Pt–CeOx/C
electrodes, the authors believe that the metal-oxide interfacedesign based on microanalysis results provides us great
opportunity for development of superior quality electrode
materials for fuel cell application.
4. Summary
The present short review article focused on the recent progress
of development of Pt–CeOx/C electrodes for fuel cell
Present status and future prospect of design of Pt–cerium oxide electrodes for fuel cell applications 569application. In the case of challenges for improvement of CO
tolerance of Pt in Pt–CeOx/C, many mechanisms of improve-
ment of CO tolerance of Pt in Pt–CeOx/C anodes have been
proposed in the literatures. In the previously reported works,
some successful results about improvement of CO tolerance of
Pt were reported using Pt–CeOx/C anode series. However, the
more detail analysis about CO poisoning on Pt in Pt–CeOx/C
anode is required for design of high quality Pt–CeOx/C anodes
for fuel cell application. For this challenge, the authors
re-introduced the part of our works based on microanalysis
results of Pt–CeOx interface to show the design paradigm for
fabrication of high quality Pt–CeOx/C anode.
Also, the recent progress of Pt–CeOx/C cathode works for
improvement of ORR activity was reviewed in the present
short review. The highlighted point in the present review is
that the Pt-CeOx interface structure can be optimized for
cathode reaction by using the different processing route and
optimized conditioning process. On the Pt–CeOx interface,
the ORR activity on Pt was conspicuously improved by the
interaction between Pt and CeOx layer. The ORR activityPt/carbon
Pt-CeOx/carbon
Fig. 10 Fuel cell performance observed for Pt–CeOx/C and Pt/C.
Prior to conditioning 
process
A
Fig. 11 Schematic diagram of the formation proceon Pt will be maximized by optimization of defect structure in
Pt–CeOx interface.
The present short review clearly showed that the combina-
tion of microanalysis and processing route design provides us
big chance to see the breakthrough in the fuel cell ﬁeld. In
the near future, lots of high quality electrodes which have
functional metal-oxide interface will be developed based on
the concept in the present short review.
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